A substantial and increasing number of human diseases are associated with changes in the gut microbiota, and discovering the molecules and mechanisms underlying these associations represents a major research goal. Multiple studies associate Ruminococcus gnavus, a prevalent gut microbe, with Crohn's disease, a major type of inflammatory bowel disease. We have found that R. gnavus synthesizes and secretes a complex glucorhamnan polysaccharide with a rhamnose backbone and glucose sidechains. Chemical and spectroscopic studies indicated that the glucorhamnan was largely a repeating unit of five sugars with a linear backbone formed from three rhamnose units and a short sidechain composed of two glucose units. The rhamnose backbone is made from 1,2-and 1,3-linked rhamnose units, and the sidechain has a terminal glucose linked to a 1,6-glucose. This glucorhamnan potently induces inflammatory cytokine (TNFα) secretion by dendritic cells, and TNFα secretion is dependent on toll-like receptor 4 (TLR4). We also identify a putative biosynthetic gene cluster for this molecule, which has the four biosynthetic genes needed to convert glucose to rhamnose and the five glycosyl transferases needed to build the repeating pentasaccharide unit of the inflammatory glucorhamnan.
inflammatory bowel disease | microbiome | polysaccharide S everal lines of evidence show an association between changes in the human gut microbiome and disease states in the host, but few studies have probed the molecules and mechanisms underlying these associations. A particularly robust association exists between Crohn's disease (CD) and Ruminococcus gnavus, an anaerobic, Gram-positive member of the human gut microbiome. Several studies link an increased relative abundance of R. gnavus to increased symptoms of CD, a major form of inflammatory bowel disease (1) (2) (3) (4) (5) . Patients with CD experience abdominal pain, diarrhea, and bloody stool. Severe CD cases may even involve extraintestinal manifestations of inflammation of the eyes, skin, and spine (6) . CD is currently incurable and symptoms can only be managed, often through treatment with antibodies against the major inflammatory cytokine, tumor necrosis factor alpha (TNFα).
The cause of CD is likely a combination of genetic predisposition and environmental triggers that shape the microbiome, such as diet, antibiotic exposure, and infections. Mutations found in genes involved in the innate immune system (nod2) and autophagy (atg16l1) are among those most associated with susceptibility to Crohn's disease (7) . These mutations are thought to impair proper immune recruitment and response to commensal gut microbes by epithelial and dendritic cells, an innate immune cell type found in circulation and in the gut.
Incidence of CD is increasing worldwide (8) , and has been linked to adoption of a Western diet (9) . This strongly suggests that environmental factors are responsible for development of disease in genetically susceptible individuals. Chief among these environmental factors is the microbial dysbiosis often seen in CD patients. Extensive microbiome sequencing studies have shown that the relative abundance of R. gnavus is consistently increased in CD patients compared with healthy individuals (1) (2) (3) (4) (5) . R. gnavus colonizes the intestinal mucosal surface, where it can use sialic acid from mucin glycans as a carbon source (5, 10) . R. gnavus is a prevalent gut microbe found in the intestines of nearly 90% of people. In a healthy gut R. gnavus typically represents <0.1% of the gut microbiota. However, some CD patients experience transient blooms of R. gnavus levels that coincide with disease flares. In some severe cases, R. gnavus levels peak at 69% of the gut microbiota (3). Additionally, R. gnavus blooms in CD are transient and return to healthy levels during remission of disease symptoms. Earlier misclassification as a Ruminococceae (now a Lachnospiraceae) of R. gnavus made identification as biomarker for CD difficult. This was further complicated by the overall decreases of both of these clades in CD, such that blooms of R. gnavus were not observed because of this general trend at a genus and family level. As the microbiome field has shifted to analyzing more metagenomic data, which allows more robust species-level taxonomic profiling than 16S rRNA amplicon sequencing, the association of R. gnavus with CD has become more clear.
The effects of increases in R. gnavus level have also been linked to other inflammatory diseases including spondyloarthritis
Significance
The bacteria that live within the human gut play crucial roles in regulating our primary metabolism, protecting us from pathogens, and developing our immune system. Imbalances in bacterial community structure have been implicated in many diseases, such as Crohn's disease, an inflammatory bowel disease. We found and characterized an inflammatory polysaccharide produced by the gut bacterium Ruminococcus gnavus, populations of which bloom during flares of symptoms in patients with Crohn's disease. This molecule induces the production of inflammatory cytokines like TNFα by dendritic cells and may contribute to the association between R. gnavus and Crohn's disease. This work establishes a plausible molecular mechanism that may explain the association between a member of the gut microbiome and an inflammatory disease.
(11), itself a frequent symptom of CD (6); eczema in infants (12) ; and pouchitis in ulcerative colitis patients who have undergone a total colectomy (13) . However, despite numerous studies associating R. gnavus with various inflammatory diseases, no molecular mechanisms to explain these correlations have been developed, and we began a study to identify a possible mechanism.
The disease associations described above suggest that R. gnavus produces molecules that directly induce an inflammatory response by innate immune cells. Through bioactivity-guided fractionation, we found that R. gnavus produces a potent, inflammatory polysaccharide with a rhamnose backbone and short glucose sidechains--a glucorhamnan. Culturing in defined medium was necessary to purify the bacterially produced polysaccharide away from the overwhelming amounts of polysaccharides present in many commercial media. We further show that the R. gnavus glucorhamnan is recognized by innate immune cells through the toll-like receptor 4 (TLR4). Finally, we identified a biosynthetic gene cluster that is likely responsible for glucorhamnan production in the genomes of R. gnavus.
Results

R. gnavus
Produces an Inflammatory Polysaccharide. Initially R. gnavus was grown in rich media (Brain-Heart Infusion or ToddHewitt from Bacto) that are typically used to culture gut anaerobes. However, this led to confounding media-derived materials, and prompted us to culture R. gnavus in defined, albeit complex, media. The defined media used were based on a recipe that was recently described (14) . Dendritic cells differentiated from mouse bone marrow (mBMDCs) were used in the primary screen to identify inflammatory substances from R. gnavus; lipopolysaccharide (LPS), a Gram-negative inducer of the inflammatory response, was used as a positive control. Following treatment of mBMDCs with fractions generated from R. gnavus, levels of the inflammatory cytokine TNFα were measured by enzyme-linked immunosorbent assay (ELISA) (Fig. 1A) .
This assay indicated a dose-dependent potent TNFα-inducing activity in the spent medium, but this activity could not be extracted with organic solvents from either the spent medium or the cell pellet. Size-exclusion filters showed that activity was retained above a 10-kDa molecular-weight cutoff. Collectively these results indicated that the TNFα-inducing factor was a hydrophilic, large-molecular weight, bacterially produced molecule. Further treatment of the spent medium with proteinases, nucleases, lysozyme, or boiling did not abolish activity, indicating that the molecule was a polysaccharide (Fig. 1B) . The polysaccharide was purified via enzymatic digestion of contaminating biopolymers, followed by size-exchange and anion-exchange chromatographies, while following the TNFα-inducing activity at each step.
R. gnavus Polysaccharide Is a Glucorhamnan. To determine which monosaccharides are present in the purified polysaccharide, gas chromatography-mass spectrometry (GC-MS) monitoring of chemically modified acid-hydrolyzed monosaccharides was performed, which indicated roughly 1:4 glucose to rhamnose (the 6-deoxy form of mannose) (SI Appendix, Table S1 ). Since glucose is particularly susceptible to chemical degradation during chemical derivation steps, this ratio likely represents a lower limit to the amount of glucose present.
Determining how the monosaccharides are linked to each other was performed by generating partially methylated acetylated alditols (15) . Linkage analysis showed five major types of monosaccharides to be present: 1-linked (terminally-linked) glucose, 1,6-linked glucose, 1,3-linked rhamnose, 1,2-linked rhamnose, and 1,2,3-linked rhamnose. These were present in roughly 1:1:1:1:1 stoichiometry (SI Appendix, Table S2 ). NMR studies were consistent with the linkage data as the 1 H-NMR spectrum (SI Appendix, Fig. S1 ) showed five distinct anomeric signals (H1 TNFα was secreted by mBMDCs that were treated with R. gnavus spent medium. This activity was resistant to proteinase-, nuclease-, lysozyme-, and heat treatment, indicating it was a polysaccharide. LPS was a positive control, and DMSO and media alone were negative controls. (C) HSQC spectrum zoom-in of anomeric region of purified polysaccharide shows the repeating unit is composed of five distinct monosaccharide types (labeled A through E). (D) The purified polysaccharide is a glucorhamnan, with a main backbone of rhamnose residues and short sidechains of glucose residues. The structure of the repeating unit is shown following three separate conventions, overlaid with the corresponding monosaccharide designation A through E. of a monosaccharide) between 4.9 and 5.4 ppm (Fig. 1C) . We next turned to ordering the monosaccharides using the anomeric proton chemical shifts.
We assigned 5.32 ppm to H1 of the A monosaccharide, 5.20 ppm to H1 of B, 5.05 ppm as H1 to C, 4.98 ppm to H1 of D, and 4.95 ppm as H1 of E. The identity of a monosaccharide can often be deduced from the total correlation spectroscopy (TOCSY) cross-peaks from the anomeric proton (16) . Since there is only one TOCSY cross-peak from H1 to H2 for A, B, and E, these must be rhamnose. The bond angle between H2 and H3 of rhamnose limits coupling between these protons, thus crosspeaks between H1 and H3 to H6 of rhamnose residues are very faint if present at all. Since all protons of glucose residues are axial, coupling along the entire glucose backbone is often observed in TOCSY. Since H1 of monosaccharide systems C and D have at least four TOCSY cross-peaks, C and D are glucose residues.
The H2 protons for monosaccharides A through E could be assigned by COSY. Carbon chemical shifts for C2 of both the A and B rhamnose indicated these positions were substituted, while carbon chemical shift at C2 of E indicated no substitution, and a faint H2BC signal from E H2 to C3 at 79 ppm, E was substituted at the three position. Thus, E was assigned as 1,3-rhamnose. NOESY showed cross-peaks for H1 of E to H2 of A and for H1 of B to H3 of E. Additionally, since H2 of B showed a NOESY cross-peak with H1 of C, B could be assigned to 1,2,3-rhamnose, and A could be assigned to 1,3-rhamnose. NOESY showed a cross-peak between H1 of A and a methine at 4.03 ppm. Since linkage data showed glucose residues are only attached at the methylene at C6, this 4.03-ppm peak must be H3 of B, although no direct correlations could connect H2 and H3 of B.
Finally, the assignment of the two glucose residues was largely determined by process of elimination. HSQC-TOCSY showed H1 of D in the same spin system as a methylene at 61 ppm, indicating that D is unlinked at the C6, and therefore, the terminally linked glucose. Thus, C must be the 1,6-linked glucose residue. NOESY from H1 of D shows it to be linked to a proton at 3.71 ppm. The only proton at 3.71 that has a carbon shift consistent with being linked is a methylene at 65.64 ppm, whose other proton has a shift at 4.12 ppm. Unfortunately, there is not a clear NOESY peak between H1 of D at the other methylene proton at 4.12 ppm. Although there are no data directly tying this carbon signal to the C glucose system, by process of elimination, it is the only position shown in linkage analysis not otherwise explained. Key NMR spectral observations are summarized in SI Appendix, Table S3 . Full NMR spectra and peaks are provided in SI Appendix, Figs. S1-S9 and Dataset S1. In summary, the polysaccharide from R. gnavus is a glucorhamnan such that the backbone contains 1,3-and 1,2-linked rhamnose residues, with short sidechains of two glucose residues (Fig. 1D) .
Based on 31 P and 1 H-31 P HMBC NMR experiments, some level of poly-1,3-phosphoglycerol (the canonical teichoic acid) is attached to the glucorhamnan. The exact connectivity between the phosphoglycerol and the glucorhamnan has not been elucidated, as no NOESY or 1 H-31 P HMBC correlations between the glucorhamnan and the phosphorglycerol portions were observed. Upon mild hydrolysis with hydrofluoric acid (HF), which hydrolyzes phosphate bonds, but not glycosidic, ester, or peptide bonds, the corresponding phosphoglycerol signals are lost, but the repeating unit remains intact (SI Appendix, Fig. S10) , with exactly the correct number of methyl, methane, and methylene NMR signals expected from the proposed repeating unit. Analytical size-exclusion chromatography indicates the mass of the intact glucorhamnan is roughly 9 kDa, while the HF-treated glucorhamnan is roughly 8 kDa. Thus, the phosphoglycerol is unlikely to be attached along the main backbone of the glucorhamnan, but rather as extensions or sidechains thereto. The phosphoglycerol is also unlikely to be contaminating teichoic acid, as this latter molecule can be separated from the glucorhamnan by anion exchange as a distinct fraction.
Dendritic Cells Recognize Inflammatory Glucorhamnan Through TollLike Receptor 4. Having purified the active polysaccharide, we showed that the R. gnavus glucorhamnan induced secretion of TNFα in a dose-dependent manner, and that the R. gnavus glucorhamnan was as potent as the well-characterized yeast mannan, a potent inflammatory polysaccharide also recognized by the innate immune system (Fig. 2A) . We also show that this response was dependent on the toll-like receptor 4 (TLR4), as mBMDCs generated from tlr4-knockout mice failed to respond to the glucorhamnan. As a control, mBMDCs were generated from tlr2-knockout mice [toll-like receptor 2 (TLR2) recognizes pathogen-associated molecular patterns with lipid tails] still secreted TNFα in response to treatment with R. gnavus glucorhamnan.
Identification of the Putative Glucorhamnan Biosynthetic Gene
Cluster. Since linking the glucorhamnan to its biosynthetic gene cluster would enable both the mining of microbiota sequence data to identify other bacterial producers and of patient transcriptomic data to assess disease association we examined R. gnavus genomes. In the genome of the R. gnavus type strain ATCC 29149 (NZ_AAYG02000000) there are three gene clusters annotated to make polysaccharides (17) . Only one of them (contig NZ_AAYG02000032) from RUMGNA_03512 to RUMGNA_03534 is likely to encode the biosynthetic pathway for the glucorhamnan (17) . This cluster contains all four genes necessary for rhamnose biosynthesis as well as five glycosyltransferases ( Fig. 3A and SI Appendix, Dataset S2). This number of glycosyltransferases is consistent with the number of different monosaccharides seen in the glucorhamnan repeating unit, and the majority of genes in this cluster. Of the 23 genes in the potential gene cluster, 18 have been assigned to likely functions in the biosynthetic pathway for the glucorhamnan (Fig. 3B) . The biosynthesis can largely be summarized as: (i) monosaccharide synthesis and priming, (ii) assembly by glycosyltransferases of the pentasaccharide repeat unit on an undecaprenylphosphate lipid anchor, (iii) flipping of the assembled pentasaccharide repeat unit to the extracellular leaflet of the membrane, (iv) polymerization of the pentasaccharide repeat units to form a polysaccharide, (v) which is then transferred to the peptidoglycan.
While the glucorhamnan was initially isolated from the cellfree supernatant, two genes in the potential gene cluster encode LytR/CpsA/Psr-like proteins (RUMGNA_03513 and RUMGNA_ 03516). LytR/CpsA/Psr-like proteins catalyze the transfer of polysaccharides from undecaprenylphosphate lipid anchors to N-acetyl-muramic acid of peptidoglycan. While trace levels of the glucorhamnan could be recovered from lipid anchored cellassociated polysaccharides, treatment of the cell pellet of R. gnavus with mutanolysin (a lysozyme-like enzyme), liberated significantly greater amounts of the glucorhamnan into the supernatant. This suggests that the majority of the glucorhamnan is actually a cell-wall polysaccharide, covalently linked to the peptidoglycan. The exact nature of this linkage has not yet been determined.
The five remaining genes in the gene cluster have not been assigned to a specific role in the biosynthesis of the glucorhamnan. Of these, two are likely to be involved in regulatory functions, as the only detectable domains were a germane domain (implicated in sporulation) (RUMGNA_03520), and a carbohydrate binding domain (RUMGNA_03512). Two genes are homologs of enzymes involved in cell-wall teichoic acid assembly [LtaA (RUMGNA_ 03523) and LtaS (RUMGNA_03533)]. While their role in glucorhamnan synthesis is unknown, their presence, combined with the presence of phosphoglycerol NMR signals in the purified glucorhamnan, suggest that there is some potential to transfer phosphoglycerol units onto the glucorhamnan repeating unit core. And finally, one gene (RUMGNA_03525) has no known homologs, and could not be annotated with a potential function.
As genetic manipulation of R. gnavus is not yet possible, quantitative PCR was performed on a cDNA library generated from R. gnavus to assess if the gene cluster is expressed. Three of the glycosyltransferases (RUMGNA_03514, RUMGNA_03519, and RUMGNA_03524), and two rhamnose biosynthesis genes [RUMGNA_03528 (rfbC analog) and RUMGNA_03521 (rfbD analog)] were shown to be expressed during growth of R. gnavus (SI Appendix, Fig. S11 ). These genes were no longer expressed when cells reached stationary phase, consistent with the observation that no additional glucorhamnan appears to be generated in culture after maximum OD 600 is reached (∼1.4 after 24 h).
Further suggesting that this gene cluster is the likely candidate, the other two polysaccharide biosynthetic gene clusters in the R. gnavus ATCC 29149 genome contain more glycosyltransferase genes than are required for the biosynthesis of a pentasaccharide repeat unit. The polysaccharide gene cluster from RUMGNA_01817 to RUMGNA_01849 contains seven glycosyltransferase genes as well as several genes involved in the biosynthesis of sialic acid, which is not present in the glucorhamnan. And, the polysaccharide gene cluster from RUMGNA_02393 to RUMGNA_02407 contains nine glycosyltransferase genes. In addition, only the proposed glucorhamnan gene cluster is conserved among many clinical isolates of R. gnavus (SI Appendix, Fig. S12 ), many of which produce the glucorhamnan in culture.
Discussion
We have identified and described a potent, TLR4-dependent, inflammatory glucorhamnan polysaccharide made by R. gnavus, a gut microbe associated with Crohn's disease and a variety of other inflammatory diseases. Initial culturing of R. gnavus was done in rich commercial media. Unfortunately, the TNFα-inducing polysaccharide produced by R. gnavus could not be purified away from contaminating yeast polysaccharides from the media. As we wanted to focus on inflammatory signals produced de novo by bacteria, not media components that might be modified by bacteria, a defined medium (based on ref. 14) was developed for the purification of the TNFα-inducing glucorhamnan that would be produced in the gut (SI Appendix, Dataset S3).
Bacteria produce a variety of cell-associated polysaccharides that play roles in cell morphology, cell-wall rigidity, evasion of the host immune system, and preventing dessication. Polysaccharides as mediators of host-microbe communication is well documented in polysaccharide A from Bacteroides fragilis (18, 19) , but polysaccharide-mediated interactions are likely to be widespread among gut microbes. The polysaccharides potentially involved in these interactions are difficult to study, and the ability of many bacteria to exert effects by modifying environmental polysaccharides is also a complicating factor. The molecular level analysis is especially challenging as polysaccharides are enzymatically, not genetically, encoded. Their molecular structures are described as a population average: the composition of the repeating unit and the number of those repeating units. For these reasons the precise molecular structure of these biomolecules is often impossible to determine with atomic-level specificity.
Cell-wall-associated rhamnans that are structurally similar to the R. gnavus glucorhamnan have been broadly described in many Lactobacilliales, which are a group of distantly related, aerotolerant, Gram-positive bacteria that produce lactic acid. These include species of Lactococcus (20), Streptococcus (21), and several Enterococcus species (22) . These cell-wall rhamnose-glucose polysaccharides (RGPs) all share the same 1,3-and 1,2-linked rhamnose backbone with the R. gnavus glucorhamnan described here. However, between species, and even strains of the same species, there is tremendous variability in the number, linkage, and identity of the monosaccharides that make up the sidechains. Among these, the RGP from pathobiont Streptococcus mutans serotype c is the most similar to the R. gnavus glucorhamnan.
Unlike the distantly related Lactobacilliales, R. gnavus is in the order Clostridiales which are Gram-positive, obligate anaerobes. Within this group, only a single example of a high-rhamnose polysaccharide has been reported: the anti-tumorigenic "clostrhamnan" from Clostridium saccharoperbutylacetonicum, which is simply the rhamnose backbone with infrequent sidechains of a single glucose monomer (23) .
These Gram-positive, cell-wall rhamnans have previously been identified as playing a role in establishing cell shape, cell-wall rigidity, and pathogenesis. For instance, mutants in Enterococcus faecalis enterococcal polysaccharide antigen (epa) gene cluster impair colonization of the human GI tract (24) , and when Group A Streptococcus can no longer add sidechains to the rhamnan backbone, they are not impaired in their ability to grow, but are much less virulent in models of infections (25) .
The last common ancestor to R. gnavus and the Lactobacilliales likely lived around three billion years ago (26) , which indicates that the rhamnose polysaccharide backbone is conserved from an ancient ancestor, evolved independently in these branches, or spread among these organisms through horizontal gene transfer. Further studies on the distribution of these polysaccharides within Clostridiales and gene cluster evolution will be needed to distinguish between these possibilities. While the gene cluster presented above is likely responsible for the biosynthesis of the R. gnavus glucorhamnan, this will need to be confirmed by knocking out production in the wild-type strain, for which there is currently no genetic system; discovering a naturally occurring mutant that lacks production; or by recombinantly expressing the gene cluster in a rhamnan negative species.
Currently, the degree of structural conservation of the glucorhamnan(s) among strains of R. gnavus is unknown, but if the conservation of the putative biosynthetic gene cluster is an indicator (SI Appendix, Fig. S12) , the structure will be highly conserved among most clinically sequenced isolates. Future analysis into how clinical isolates vary in this respect, along with transcriptomic analysis in healthy and CD patients, will help establish the clinical relevance of the glucorhamnan in Crohn's disease.
R. gnavus can utilize mucin as a carbon source (5, 10, 27) , and may directly contribute to breakdown in gut barrier function. The degradation of this barrier, or the host's ability to maintain a bacteria-free zone within the mucin layer, may increase the immune system's exposure to triggers like the R. gnavus glucorhamnan, which would otherwise not be sensed by the immune system. In this way, mucin destruction and glucorhamnan production by R. gnavus could have profound effects on human inflammatory responses. Ultimately, we have identified a molecular hypothesis that can be interrogated to explain the link between the human gut commensal, R. gnavus, and Crohn's disease pathology.
Methods and Materials
Bacterial Growth Conditions. R. gnavus ATCC 29149 was grown in Bacto Todd-Hewitt broth, Bacto Brain-Heart infusion, and defined medium (SI Appendix, Dataset S3, based on ref. 14). Starter cultures were grown overnight for 16 h in Todd-Hewitt or Brain-Heart Infusion broths, or for 2 d for defined medium from glycerol stocks or agar plates of Todd Hewitt or defined medium. Large-scale (1 L) cultures were inoculated with 1:1,000 ratio of starter culture in the same medium, and grown anaerobically (∼5% H 2 , 85% N 2 , 10% CO 2 ) at 37°C for 2 d.
Purification of Polysaccharide. After 1-3 d of growth (growth time made no significant differences on yield of polysaccharide), cells were separated from supernatant by centrifugation. Supernatant was sterile-filtered using 0.2-μm aPES filters. The sterile supernatant was processed in a tangential flowfiltration apparatus from Pall using a 10-kDa cutoff membrane, such that molecules smaller than this are discarded, and molecules larger than 10 kDa are retained in the reservoir. By this method, samples can be concentrated, diluted with fresh water, and reconcentrated, and, in effect, be dialyzed quickly. In this manner, 5 L of sterile, cell-free media were concentrated to ∼500 mL, diluted to 5 L with fresh distilled, deionized water, and reconcentrated to ∼500 mL for a total of three cycles. Crude, washed polysaccharides were resuspended in 1× TBS with 1 mM MgCl 2 , MnCl 2 , and CaCl 2 and residual nucleic acids were degraded with RNase and DNase for 2 h at 37°C, followed by proteinase K digestion at 37°C for 3 h at 37°C. The crude polysaccharide fraction was concentrated in a 10-kD MWCO filter, and washed excessively with fresh water to remove peptides and nucleotides from enzymatic digestion. The rententate was purified by size-exclusion chromatography (SEC) over a Superdex Increase 200 column with water as the mobile phase. The active fraction from SEC was further purified by anion-exchange chromatography over an HF Q column.
Composition Analysis. Composition analysis was performed by GC-MS of per-O-trimethylsilyl (TMS) derivatives of the monosaccharide methyl glycosides produced from purified polysaccharide by acidic methanolysis as described previously (28) . Briefly, the polysaccharide (400 μg) and inositol (20 μg as internal standard) were freeze-dried. Dry residue was heated with methanolic HCl in a sealed screw-top glass test tube for 16 h at 80°C. After cooling and removal of the solvent under a stream of nitrogen, the sample was treated with a mixture of methanol, pyridine, and acetic anhydride for 30 min. The solvents were evaporated, and the sample was derivatized with Tri-Sil (Pierce) at 80°C for 30 min. GC-MS analysis of the TMS methyl glycosides was performed on an Agilent 7890A GC interfaced to a 5975C MSD, using a Supelco Equity-1 fused silica capillary column (30 m × 0.25 mm ID).
Linkage Analysis. For glycosyl linkage analysis, dry sample (>1 mg) was permethylated, depolymerized, reduced, and acetylated. The resulting partially methylated alditol acetates (PMAAs) were analyzed by GC-MS as described previously (15) . Briefly, dry polysaccharide was suspended in 200 μL DMSO and left to stir for a week. Permethylation was performed by two rounds of treatment with sodium hydroxide (15 min) and methyl iodide (45 min). Following sample workup, the permethylated material was hydrolyzed using 2 M TFA (2 h in sealed tube at 121°C), reduced with NaBD 4 , and acetylated using acetic anhydride/TFA. The resulting PMAAs were analyzed on an Agilent 7890A GC interfaced to a 5975C MSD, using a 30-m Supelco SP-2331 bonded phase fused silica capillary column.
NMR Measurements. NMR spectra were recorded at 298 K in D 2 O with 0.1% acetone for internal referencing ( 1 H 2.225 ppm, 13 C 30.89 ppm) on a 500-MHz Bruker with cryoprobe. Phosphorous NMR spectra were recorded on a 400-MHz Varian. NOESY were collected with mixing time of 100 ms, and TOCSY were collected with mixing time of 200 ms.
Cell Culture. Bone marrow was isolated from C57BL/6 mice and differentiated in the presence of GM-CSF (Peprotech) for 7 d to generate mBMDCs. mBMDCs were treated with fractions overnight. Concentrations of TNF-α in culture media were detected using the TNF alpha mouse ELISA Kit from ThermoFisher. For receptor identification, TLR2
−/− and TLR4 −/− mice were used to generate mBMDCs. LPS was used as a positive control for a TLR4 agonist and Pam3Cys was used as a positive control for a TLR2 agonist. The Institutional Review Board and Institutional Animal Care and Use Committee of Massachusetts General Hospital approved the methods used in this study.
Quantitative Reverse Transcription PCR. Total RNA was purified by chloroformphenol extraction from cell pellets of replicate cultures of R. gnavus grown in defined medium, aliquots of which were taken at the time points indicated. RNA was Dnase treated and cDNA was prepared using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) with or without reverse transcriptase. Transcripts of interest were amplified from the cDNA library with gene-specific primers and visualized on an agarose gel, as well as quantified by real-time PCR carried out using iTaq Universal SYBR Green Supermix (Bio-Rad). All qPCRs were normalized to 16S rRNA gene expression at 24 h. Primers used are listed in SI Appendix, Tables S6 and S7. 
